The role of major mergers in galaxy evolution remains a key open question. Existing empirical merger identification methods use non-parametric and subjective visual classifications which can pose systematic challenges to constraining merger histories. As a first step towards overcoming these challenges, we develop and share publicly a new Python-based software tool that identifies and extracts the flux-wise and area-wise significant contiguous regions from the model-subtracted residual images produced by popular parametric light-profile fitting tools (e.g., GALFIT). Using Hubble Space Telescope (HST) H-band single-Sérsic residual images of 17 CANDELS galaxies, we demonstrate the tools ability to measure the surface brightness and improve the qualitative identification of a variety of common residual features (disk structures, spiral substructures, plausible tidal features, and strong gravitational arcs). We test our method on synthetic HST observations of a z ∼ 1.5 major merger from the VELA hydrodynamic simulations. We extract H-band residual features corresponding to the birth, growth, and fading of tidal features during different stages and viewing orientations at CANDELS depths and resolution. We find that the extracted features at shallow depths have noisy visual appearance and are susceptible to viewing angle effects. For a VELA z ∼ 3 major merger, we find that James Webb Space Telescope NIRCam observations can probe high-redshift tidal features with considerable advantage over existing HST capabilities. Further quantitative analysis of plausible tidal features extracted with our new software hold promise for the robust identification of hallmark merger signatures and corresponding improvements to merger rate constraints.
assumptions, making it difficult to interpret the merger rates at z > 1.5. Lotz et al. (2010) investigated the effects of such systematics in binary merger simulations using nonparametric identifiers of plausible merging (e.g., . In this study, we attempt to help overcome the subjective identification of 'hallmark' merger signatures (e.g., tidal arms, tails, bridges, and extended fans) and to robustly quantify their observability timescales -the largest sources of uncertainty towards merger rate estimation in morphology-based methods -by developing a new public Python analysis tool to extract and quantify the morphological substructure of galaxies. When applied to both empirical and simulated data, this tool will facilitate future efforts to calibrate the observables associated with galaxy merging signatures and lead to improved merger rate constraints.
Substantial efforts have attempted to constrain major merger rates as a function of cosmic time using empirical "merger fractions" based on close-pair statistics, typically identifying galaxy-galaxy pairs in close physical proximity (e.g., Mundy et al. 2017; Mantha et al. 2018) or by measuring clustering statistics (e.g., Bell et al. 2006b; Robaina et al. 2010 ). This method leverages on the long-standing idea (supported by numerical expectations) that galaxies in close proximity become gravitationally bound and merge into a more-massive system (Toomre 1977; Barnes 1988; Carlberg et al. 1994; Patton et al. 2000; Kitzbichler & White 2008) . Many previous close-pair-based works broadly agree that merger rates grow more frequent at earlier cosmic times during the redshift range 0 z 1.5, albeit with a wide range of redshift dependencies ∝ (1 + z) 0.5−3 (e.g., Zepf & Koo 1989; Patton et al. 1997; Lin et al. 2004; Kartaltepe et al. 2007; Hsieh et al. 2008; Lin et al. 2008; de Ravel et al. 2009; de Ravel et al. 2011; Robotham et al. 2014 ). Such variance is largely caused by different study-to-study close-pair selection assumptions (Lotz et al. 2011 ). In Mantha et al. (2018) , we systematically quantified the effect of different close pair selection choices on the derived merger fractions.
Recent efforts extend the close pair method to higher redshifts and find that merger rates may be un-evolving or diminishing with increasing redshift between 1.5 ≤ z ≤ 3 (Ryan et al. 2008; Man et al. 2016; Mundy et al. 2017; Mantha et al. 2018) . These measurements disagree with theoretical predictions of steadily increasing merger rates from z = 0 to z = 3 (e.g., Hopkins et al. 2010; Rodriguez-Gomez et al. 2015) . Leveraging recent simulation-based work by Snyder et al. (2017) , observational studies argue that the data-theory discrepancy at z > 1.5 may be due to the assumption of simplistic (non-evolving) close-pair observability timescale employed in merger rate calculations (Ventou et al. 2017; Mantha et al. 2018, Duncan et al. in prep) . What is needed is a thorough analysis of the observability timescale evolution for both close-pair and morphological methods. In a related study (Mantha et al. in prep) , we are constraining the close-pair observability timescale as a function of different pair selection variables. The residual feature extraction tool that we introduce in this paper will aid new efforts to constrain the morphological feature observability timescales.
Besides merger rates derived from close pairs, rates based on morphology have also been measured motivated by simulations showing that merging galaxies exhibit morphologically-disturbed appearance (e.g., Barnes & Hernquist 1996; Bournaud & Duc 2006; Peirani et al. 2010) . These merger constraints can be broadly categorized into rates based on visual identification of disturbed morphologies (e.g., Wolf et al. 2005; Bell et al. 2006a; Jogee 2009 ) and quantitative metrics of large-scale galaxy asymmetries or morphology such as CAS (first introduced by Abraham et al. 1996a,b) and used by Conselice et al. (2003) ; Conselice et al. (2008) ; López-Sanjuan et al. (2009) , and Gini-M20 (introduced in Abraham et al. 2003) and applied extensively by Lotz et al. (2008) ; Conselice et al. (2009) . Early morphologybased studies find a broad range of merger rate evolutions R ∝ (1 + z)
2−5 at z 1.5 (see Lotz et al. 2011) , albeit with significant study-to-study scatter where some studies find no redshift dependence of merger rates (e.g., Cassata et al. 2005; Lotz et al. 2008) , and sometimes finding up to 25% − 50% of their samples to be merging (Conselice et al. 2003) . These studies suffer from low-number statistics due to small-volume pencil-beam surveys, redshift-dependent systematic biases induced by cosmological surface brightness dimming and strong morphological k-corrections when using rest-frame UV images, which can impact the purity and completeness of merger selection. Although the advent of large Hubble Space Telescope (HST) surveys like CAN-DELS (Koekemoer et al. 2011; Grogin et al. 2011 ) alleviate some issues, the observability timescales for morphologybased methods are highly uncertain and may be varying with redshift.
A possible solution to overcome the systematic, purity, and timescale related challenges faced by the aforementioned morphology-based approaches is to employ more focused morphological signatures as merger identifiers. For example, Lackner et al. (2014) used the presence of multiplenuclei separated by 8 kpc to select merging galaxies during a narrow window straddling the early and post-merger stages (few hundred Myr timescale; Lotz et al. 2011) , while aiming to minimize the contamination from spurious nonmerging interlopers. Tidal features are a specific sub-class of morphological substructures that are predicted to be prevalent among merging galaxies (e.g., Toomre & Toomre 1972; Eneev et al. 1973; Barnes & Hernquist 1996) . A fruitful technique for improving the detection of faint and transient tidal features is through the analysis of residual images 1 either by visual inspection (e.g., Bell et al. 2006a; McIntosh et al. 2008) or quantitative parameters (e.g., Tal et al. 2009; Hoyos et al. 2012) . In fact, galaxy light-profile fitting is a popular step employed in many large surveys to provide key insights into the structural (size, shape) evolution of galaxies (e.g., Newman et al. 2012; van der Wel et al. 2012; van der Wel et al. 2014) . In this context, our novel tool is designed to analyze the by-product residual images from galaxy image fitting routines and extract useful information about additional (often complex) substructures.
Detailed objective distinction of hallmark tidal features from other non-merging signatures (e.g., lopsided disks, asymmetric or one-armed spiral structures) is yet to be achieved. Existing empirical merger-identification methods only provide a plausible indication of tidal signatures and do not attempt to quantitatively capture key information such as structure (length, width, and pitch), morphology (e.g., tails and fans), color, and stellar mass of the features. Furthermore, constraining the role of observational effects (e.g., depth, cosmological surface-brightness dimming) and observability timescales T obs for hallmark tidal features is an open question, and is a key hurdle in achieving robust tidal-feature-based merger rates.
As a first step towards quantitatively identifying and extracting tidal signatures of galaxy merging, in this study, we introduce a new technique and its corresponding public Python software pipeline 2 to extract and quantify residual substructures and we demonstrate its application with a select sample of 16 CANDELS galaxies that exhibit a range of merging and non-merging morphological substructures. We also test our technique's ability to identify plausible interaction signatures by applying it to mock Hubble Space Telescope (HST) observations of a galaxy merger from the VELA zoom-in hydrodynamic simulations Zolotov et al. 2015) . We structure this paper as follows: In § 2, we introduce our CANDELS test galaxy sample and their GALFIT-derived data products, followed by a brief description of a galaxy merger from the VELA hydrodynamic simulation and the generation of its mock HST observations. In § 3, we describe the step-by-step methodology of our residual substructure analysis pipeline, and we apply this method to the select CANDELS galaxies in § 4. In § 5, we apply our methodology to mock observations of a merger simulation and investigate the role of image depth and viewing angle on the feature extraction process. In § 6, we present possible applications and limitations of our method. We present our conclusions in § 7. Throughout this work, we adopt the Planck Collaboration et al. (2016) cosmological framework (H0 = 67.7 km s −1 Mpc −1 ), and use the AB magnitude system (Oke & Gunn 1983) .
DATA AND TEST SAMPLES
To develop and demonstrate our novel method for extracting and quantifying residual substructures, we use HST/WFC3 H-band (F160W) images and single-Sérsic GALFIT residual images from van der Wel et al. (2012) for a select sample of galaxies from the CANDELS survey (Grogin et al. 2011; Koekemoer et al. 2011 ) that exhibit different residual substructures including plausible tidal signatures. To explore the application of our method for repeatable identification and extraction of bonafide tidal features, we also analyze mock images derived from a merging galaxy from the VELA zoom-in simulations ).
CANDELS Data
We make use of the H-band Sérsic-fitting data products from van der Wel et al. 2012 (hereafter vdW12) for galaxies bright than H = 24.5 mag in the CANDELS survey. Briefly, vdW12 used GALFIT (Peng et al. 2002) to generate an 2 The data products discussed in this paper along with the software are publicly available at https://github.com/AgentM-GEG/ residual_feature_extraction image-cube containing the original image used for fitting, the best-fit model image with the Sérsic model information stored in its header, and the residual (original−model) image. Following standard procedures outlined in Barden et al. (2012), vdW12 used (SExtractor; Bertin & Arnouts 1996) to extract sources from the CANDELS imaging (Koekemoer et al. 2011) , estimated the background sky, and determined GALFIT parameter input values, and produced a rectangular image cutout of each galaxy based on its SExtractor parameters: x, y centroid, long side length of five (5) times the Kron radius, and orientated by the position angle θ. In practice, the postage stamp images typically have sides 20 − 30 times the galaxy's effective size (re). To ensure optimal galaxy profile fitting with GALFIT, vdW12 masked neighboring objects 4 mag fainter than the central galaxy and simultaneously fit all remaining objects in the image cutout.
The methodology we describe in § 3 starts with the vdW12 image cubes for a select sample of 16 galaxies from an ongoing effort (HST-AR 15040; PI: McIntosh) to visually characterize the H-band residual substructures hosted by CANDELS galaxies with 9.8 log 10 (M stellar /M ) 11 and 0.5 z 2.5. As shown in Table 1 , these galaxies sample different kinds of residual features: disk (4 galaxies), spiral arms (4 galaxies), plausible tidal signatures (7 galaxies), and gravitational strong-lensing arc (1 galaxy). We also note that our galaxies span two observational depth regimes -CANDELS/Wide (HST 2-orbit; 6 galaxies) and CANDELS/Deep (HST 10-orbit; 10 galaxies) depths as described in Grogin et al. (2011); Koekemoer et al. (2011) . For each galaxy in our sample, we extract residual substructures using the images with best-available depth, unless otherwise specified. In Figure 1 , we provide example postage-stamps of our test set galaxies and their respective residual features to be extracted and analyzed in this paper. For reference, we also show an example 'clean' (i.e., visually no left-over) residual image.
VELA Datasets
To demonstrate our new methodology on the extraction of residual substructure signatures hosted by a galaxy-galaxy major merger, we apply it to mock images from VELA#01 3 of the VELA zoom-in hydro-dynamic simulations Zolotov et al. 2015) . Briefly, in this simulation baryonic physics 4 are solved in conjunction with gravitational N-body interactions using the Adaptive Refinement Tree (ART) code (Kravtsov et al. 1997; Kravtsov 2003; Ceverino & Klypin 2009) , model-subtracted) image from vdW12 (right). We also report the official CANDELS identification number, the 5 kpc physical scale at the galaxy's best-available redshift (z best ), and stellar mass.
galaxies (Ceverino et al. 2015; Tomassetti et al. 2016) , giant clumps (Moody et al. 2014; Inoue et al. 2016; Mandelker et al. 2017) , compaction (Zolotov et al. 2015; Tacchella et al. 2016; Huertas-Company et al. 2018) , galaxy spin and size (Jiang et al. 2018 ), H-alpha morphology (Ceverino et al. 2016a,b) , and structural parameters (Snyder et al. 2015) . Starting at a cosmological scale factor a = 0.125 (z ∼ 7), the simulation information is recorded at equal increments of ∆a = 0.01, which approximately corresponds to a time frame ∆t = 100 Myr at z = 2. For the merging system VELA 01, we use the information during 15 time intervals spanning 0.37 ≤ a ≤ 0.47 (1.7 z ≤ 1.1), bracketing roughly 0.6 (0.8) Gyr before (after) the coalescence stage (occurring at a = 0.41; z = 1.44). We note that this system experiences a gas-rich, major merger (stellar mass ratio ∼ 1.33 : 1, gas mass ratio ∼ 1 : 1) resulting in post-merger stellar and gas masses of log 10 (M stellar /M ) = 10.05 and log 10 (Mgas/M ) = 9.55, respectively.
At each time step, we use mock HST WFC3/F160W observations of the merging system generated using the methodology described in Snyder et al. (2015); Simons et al. (2019) . Briefly, they use the raw-simulation information at each time-step and assign stellar population synthesis model-informed (Bruzual & Charlot 2003; Chabrier 2003, IMF) spectral energy distributions (SEDs) to the stellar particles using SUNRISE (Jonsson 2006; Jonsson et al. 2010 ) with dust scattering and absorption assuming a dust-to-metals ratio of 0.4 (Dwek 1998 ) and a Milky Way-like dust grain size distribution (Rv = 3.1; Weingartner & Draine 2001; Draine & Li 2007) . At each time-step, they integrate this 3-dimensional data onto a 2D camera plane to produce an idealized image at 19 (camera) orientation angles (for details see Table 1 in Huertas-Company et al. 2018) , which are then convolved with the point spread function (PSF) generated by Tiny Tim (Krist et al. 2011, WFC3/F160W) to reach desired spatial resolution. These mock idealized images are available on MAST 5 (Simons et al. 2019 , DOI: https://doi.org/10.17909/t9-ge0b-jm58).
To match the empirical CANDELS F160W 5σ (1) the CANDELS field identifier -UDS, GOODS-South (GDS), GOODS-North (GDN), EGS, followed by the galaxy's official CANDELS identification number; (2-3) celestial coordinates in degrees; (4) the best-available redshift for the galaxy (see Dahlen et al. 2013 , for details); (5) the stellar mass (Santini et al. 2015; Mobasher et al. 2015) ; (6) the type of residual substructure hosted by the galaxy; (7) the observational depth based on the official CANDELS exposure maps as described in Koekemoer et al. (2011) ) depths, we add Gaussian random noise to the F160W PSF convolved images of VELA 01. This process of generating mock HST CANDELS images from simulated data products is often referred to as CANDELization (Huertas-Company et al. 2018) and we call the resultant depth-matched images as CANDELized images. We apply GALFIT to the VELA 01 CANDELized images to generate single-Sérsic residual images consistent with the vdW12 empirical data at each time step, viewing angle, and depth realization for a total of 380 unique residual images.
METHODOLOGY
We demonstrate our residual substructure extraction method by analyzing the GALFIT-based residual images of a selective sample of galaxies hosting different left-over substructures ( § 2.1). We organize the functionality of our method into three main objectives as follows. Starting with a H-band original image, we generate two masks to facilitate estimation of local-sky background (σ bkg ) and residual feature extraction. Next, we estimate σ bkg in the smoothed single-Sérsic-based residual image and search (in proximity to the galaxy-of-interest) for contiguous-pixel regions that satisfy a sky-significance. Finally, we identify the fluxwise significant regions whose areas are larger than a pixelcontiguity area threshold (A thresh ) informed using noise-only Monte-Carlo (MC) simulations to quantify their H-band surface brightness. We present a detailed flow-chart of our residual extraction process in Figure 2 and label the key steps to be discussed in this section.
We acknowledge that our methodology is closely dependent on the outputs generated by different software routines Table 2 . Source extraction configuration parameters to inform our masking routine. Columns: (1) name of the parameter; (2) value employed in this study.
Parameter
Value Used (1) such as GALFIT and Source Extractor. Although these software are extensively used in the astronomy community, their specific functionality may change in the future updated versions. In this context, we emphasize that our modular algorithmic approach described in § 3 and illustrated in the flow chart ( Figure 2 ) can be treated as a road map for future applications using the updated or new versions of the software analogous to GALFIT or Source Extractor.
Masking
We devise a dual masking scheme to facilitate the extraction and isolation of residual substructures at radii outside the each galaxy center. This requires robust estimation of the local-sky background, detection of faint sources not fit by vdW12, and a definition of galaxy center. The magnitude criterion imposed by vdW12 to mask nearby faint objects ( § 2.1) is a reasonable choice in the context of quantifying galaxy structural properties. However, such faint unfit sources can have comparable surface brightness to our desired faint residual substructure (e.g., tidal features). In addition, central galactic regions may house complex sub-
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Figure 2. Flow diagram illustrating our detailed step-by-step residual substructure extraction process, which is divided into three main parts (orange boxes), described in their respective sub-sections ( § 3). We refer to the key steps (red text) when presenting our method in § 3.
structures (especially in young post-mergers) that may not be well represented by a Sérsic profile and may lead to significant central left-over light (e.g., Hopkins et al. 2009 ) that can obscure the detection of faint tidal features of interest.
(Step#1) Generate sky mask
We start by performing faint source detection within the postage stamp of the galaxy (original image) using a python-based implementation (SEP; Barbary et al. 2016) of the standard source-extraction tool SExtractor (Bertin & Arnouts 1996) . We find that the source extraction parameter values provided in Table 2 yield optimal identification of small faint sources in the images, without deblending faint extended features (e.g., plausible tidal signatures) into separate objects 6 . Compared to the SExtractor configurations used to generate the CANDELS source catalogs (e.g., see Galametz et al. 2013; Guo et al. 2013 ), we employ a smaller convolution filter size (five vs. nine) for better detection of smaller and fainter sources.
In the top panels of Figure 3 , we demonstrate the thorough detection of all faint sources seen in the vdW12 residual image of an example galaxy (GDS 14637; center of image). Hereafter, we use this galaxy to demonstrate all of our analysis steps outlined in the flow-chart (Figure 2 ). In the bottom left panel, we provide the resultant background sky mask. Masked regions are shown in black (pixel value= 0). The unmasked regions (white) represent the sky contribution in the vicinity of the galaxy, which use during our feature extraction in § 3.2.
6 A small value of DETECT THRESH ensures that the resultant segmentation maps envelop the outer-most light of the sources An alternative to this step is to use a higher detection threshold value and grow the resultant segmentation regions to fully encompass the extended light.
(Step#2) Generate residual extraction mask
We also generate a mask for extraction of residual substructures within a physically-motivated proximity of Rproj < 30 kpc from the centroid of the galaxy-of-interest. This corresponds to nearly five (ten) times the effective size of late (early) type galaxies at z ∼ 1 (van der Wel et al. 2014) . We find that this extraction radius encompasses all faint residual substructure for the galaxies in our sample. As shown in Figure 3 (bottom-right panel), we mask contributions from the central core regions of each galaxy residual so that we extract only outer features. We define the inner masking by an ellipse centered on the galaxy, with semi-major and semi-minor axes equal to 1.5 times those of the SExtractor detection ellipse from step#1, and orientation along the SExtractor position angle. Finally, we also mask any faint companions from step#1 that fall within the Rproj < 30 kpc extraction region. In summary, we use this mask during the extraction of residual substructures ( § 3.2).
Final Extraction of Residual Features
We start the feature extraction process by analyzing a Boxcar-smoothed version of the residual image (top-left panel; Figure 4 ) to facilitate the robust identification of faint features. We utilize the masks described in § 3.1 to identify all unmasked pixels within the residual extraction mask region that are significantly above the background sky. Then, we identify contiguous groupings of such pixels to define unique residual features.
(Step#3) Identify flux-wise significant pixels
The first step in extracting residual features is to quantify the background sky. We compute the background σ bkg as the standard deviation of the best-fit Gaussian profile representing the normalized distribution of pixel values in the Figure 3 . Visualization of the dual masking scheme described in § 3.1 for an example galaxy (GDS 14637; at the center of image; see Table 1 ). Top left: WFC3/F160W (1.6 µm) image with faint source detections shown with white outlines. Top right: single-Sérsic based residual image from vdW12. Bottom left: mask generated by step#1 for measuring background sky in unmasked regions (white; pixel values= 1); masked regions are shown in black (pixel value= 0). Bottom right: mask generated by step#2 for extracting residual substructure.
unmasked regions of the smoothed residual image after applying the sky mask ( § 3.1). In Figure 4 (top-right panel), we show the sky pixel-value distribution (blue histogram) with its corresponding Gaussian curve. We denote the 2σ bkg with a vertical dashed line.
Next, we apply the residual extraction mask and identify all unmasked pixels in the smoothed-residual image (red histogram in Figure 4 , top-right panel). In Figure 4 (bottomleft panel), we plot all such pixels satisfying a fiducial fluxwise significance cut fpix > 2σ bkg , where fpix is flux value of the pixel. Visually, we observe one large flux-wise significant residual feature and many small areas of > 2σ bkg pixels. We note that a less stringent significance cut of fpix > 1σ bkg increases both the number of small pixel groupings and the typical area per pixel-group, albeit with decrease in the overall signal-to-noise ratio. On the other hand, a more strict fpix > 3σ bkg cut identifies fewer pixels (with high signal-tonoise), but with significant structural discontinuities (i.e., an extended feature is broken into multiple smaller regions). As such, we elect to use fpix > 2σ bkg as our fiducial criterion for flux-wise significant pixels in our analysis.
(Step#4) Identify contiguous-pixel regions
To isolate and separate larger, contiguous residual substructures from smaller groupings of flux-wise significant pix- . Visualization of the residual feature extraction steps described in § § 3.2 and 3.3 for an example galaxy (shown in Figure 3 ). Top-left: 2D Boxcar kernel-smoothed (3 pix × 3 pix; side length ∼ 0.18 ) residual image with the inner and outer residual feature mask region boundaries (step#1) given in solid white, and faint-source masking (step#2) shown as dashed white outlines. Top-right: the normalized pixel-value distribution of the sky background (blue histogram) in units of electrons/sec, its corresponding best-fit Gaussian curve (dashed-blue curve), and 2σ bkg value (vertical blue line) are compared to the distribution of pixel values from the residual extraction region (red histogram). Bottom-left: the pixels residing in the residual extraction region satisfying a flux-wise significance cut f pix > 2σ bkg (step#3) are color coded according to their unique contiguity (described in detail in § 3.2.2; step#4). Bottom-right the final residual features (red shading) after rejecting smaller area regions as described in § 3.3 (steps#5 and #6); the feature surface brightness and its 68% confidence level are given. els, we use a python-based 2D pixel-connectivity algorithm skimage: label (Fiorio & Gustedt 1996; Wu et al. 2005 ). This tool assigns unique identification number to each contiguous pixel region using a binary image in which all the flux-wise significant pixels are set to unity and the remainder are set to zero. In Figure 4 (bottom-left panel) , we show the contiguous flux-wise significant pixels (color coded regions).
Next, we compute the area and enclosed flux of these contiguous regions using a companion module skimage: regionprops 7 (Reiss 1993; Burger et al. 2009 ). Re-affirming our visual interpretation, we find a contiguous substructure with large area (shown in green) in the immediate vicinity of our example galaxy and many regions with smaller areas (Figure 4 ; bottom-left panel). We note that correlated-noise fluctuations can cause several pixels to be flux-wise significant and contiguous by random chance. We quantify this effect and reject such spurious regions in the following section.
Final Feature Selection
We isolate the final, flux-wise and area-wise significant residual features following a MonteCarlo approach. We estimate an area threshold (A thresh ) based on a noise-only pixel contiguity expectation and select those flux-wise significant contiguous features with areas larger than A thresh .
3.3.1 (Step#5) Quantify area threshold A thresh As a first step to quantify an area threshold above which the noise contribution to pixel contiguity is minimum, we generate 200 Boxcar smoothed images with Gaussian noise matching the σ bkg value from step#3. In each random-noise image, we identify contiguous regions satisfying our fiducial flux-wise significance and quantify their area (as described in § 3.2.1). In Figure 5 , we show an example smoothed random noise image (left panel) and its corresponding fluxwise significant contiguous regions (right panel; color coding). We notice that the noise-generated contiguous areas visually mimic the smaller area regions identified in step#4 (Figure 4 ; bottom-left panel). Combining the result of 200 MonteCarlo iterations for our example galaxy, we find an extraction area threshold A thresh = 20, where > 99% of the contiguous pixel regions in smoothed noise-only images have areas smaller than 20 pixels. We repeat this MonteCarlo process for all galaxies in our analysis that span different CAN-DELS fields and find a range of A thresh values between 17 to 23 pixels, owing to varying field-to-field noise properties.
(Step#6) Identify and Quantify Final Residual Features
To select final significant features, we identify the contiguous regions with areas larger than the threshold set by the noise properties (i.e., A > A thresh ). We then quantify the surface brightness of the final feature regions (µ feat ) as:
where F is the cumulative flux (in Jansky) of all the regions satisfying our criteria, zp = 8.9 is the zero-point magnitude, and A is the cumulative area of all these significant contiguous regions in units of arcsec 2 . We also report the photometric error on the quantified surface brightness by adding the noise from σ bkg and Poisson noise from the feature in quadrature. In Figure 4 (bottom-right panel; shading), we show the final residual features (an extended tidal-tail structure) and quantify its H-band surface brightness to be µ feat = 25.5 ± 0.3 mag arcsec −2 .
APPLICATION TO CANDELS GALAXIES
In this section, we demonstrate the application of our residual substructure extraction method on example CANDELS galaxies hosting a range of features -disk, spiral, and plausible interaction signatures (see Table 1 ). We also illustrate the role of image depth by comparing results at HST 2-orbit and 10-orbit depths for three galaxies (GDS 4608, GDS 14637, and GDS 14876).
Extracting disk and spiral features
In Figure 6 (top-two rows), we show the results of applying our feature extraction method on galaxies visually identified to be hosting residual disk structure. In the cases of EGS 10518 and GDS 18959, we find similar looking, inclined disk-like residual structures, whereas the residuals of EGS 27018 and EGS 12782 exhibit circular features (likely owing to their face-on orientation). We also note hints of clump-like substructures embedded within the disk feature of EGS 12782. We find that these features have surface brightness measures ranging between 23.4 − 24.5 mag arcsec −2 . Re-affirming our visual interpretation, we find that our method extracts features that are consistent with a residual disk, likely owing to an underlying bulge+disk morphology being fit with a single-Sérsic model.
In Figure 6 (bottom-two rows), we show the results of our feature extraction on galaxies hosting residual spiral substructures (EGS 1690, GDS 18160, UDS 4165, and GDN 7220). We extract two-arm spiral patterns for all the four galaxies and find their surface brightness ranges between 23.6 − 24.9 mag arcsec −2 . We note that the spiral substructures exhibited by GDS 18160 and GDN 7220 are visually apparent (despite having fainter surface brightness) than EGS 1690 and UDS 4165, owing to the difference in their observational depths (deep vs. shallow; see Table 1 ). We also note that all except GDN 7220 appear to be hosting a central bar. Extracting such spiral substructures with our method will help future analyses quantify their physical parameters such as pitch angle, bar structure.
Extracting plausible tidal features
In Figure 7 , we show the results of our feature extraction method on galaxies exhibiting plausible tidal interaction signatures. These galaxies broadly fall into one of the following four categories -i) close-pair systems in which both galaxies exhibit plausible signatures of tidal interaction (GDN 14758, Figure 6 . Example residual feature extraction and quantification for select CANDELS galaxies exhibiting disk structure (top-two rows) and spiral substructure (bottom-two rows). For each galaxy, we show the original WFC3/F160W (1.6 µm) image (left) and include the official CANDELS ID and a 5 kpc physical scale; the single-Sérsic residual image from vdW12 (center); and the extracted residual features (solid-black outlines with red shading) overlaid on its respective original image (right), and we include the feature surface brightness measurement.
UDS 24437, and GDS 4608); ii) close-pair systems in which only one galaxy exhibits a plausible interaction feature (GDS 16440 and GDS 14637 ); one example galaxy experiencing a plausible minor interaction (GDS 14786); and one plausible post-merger system (GDN 19863) . The extracted residual substructures in these examples highlight our visual interpretations.
First, we apply our feature extraction method to each galaxy in the three example close-pair systems with plausible dual interaction signatures. We note that all three pairs have |∆z|/(1 + z) ≤ 0.025 and residual substructure consistent with theoretical predictions for tidal features produced by major mergers (Duc & Renaud 2013) . We find a striking structural similarity between the features exhibited by UDS 24437 -UDS 23110 pair (z ∼ 1.8) and the GDS 4608 -GDS 4529 pair (z ∼ 1), such that each close pair hosts two tidal arms and an overlapping region between the host and companion galaxy. These broad and extended features are similar to those found in observations and simulations of major mergers between spheroid-dominated galaxies (e.g., Bell et al. 2006a ). The residual substructure midway between each galaxy core in these two pairs may be a stellar bridge or may be an artifact of the simultaneous Sérsic fitting of two galaxies in very close proximity. In contrast, each galaxy in pair GDN 14758-GDN 14516 appears to have two tidal arms which are thin and clumpy in some places. The characteristics of the latter tidal arms are likely the result of interacting disk-dominated galaxies.
Next, we demonstrate the feature extraction on two pairs in which only one galaxy exhibits plausible interaction signatures. GDS 14637 has a single arm-like residual that is similar in appearance to the broad and extended tidal arms discussed above. In contrast, GDS 16440 shows two arm-like features, where one extends outward away from the host and is aligned with a nearby (compact) galaxy (at right) with a spectroscopic redshift difference of only |∆cz| ∼ 100 km s −1 from GDS 16440. This picture is consistent with theoretical merger simulations (e.g., Figure 6 from Duc & Renaud 2013) of a disk-dominated galaxy experiencing a major merger with a nearby compact companion. We note that GDS 16440 has a clear inner spiral pattern that extends to a radius of R ∼ 5-10 kpc. Despite its point-like appearance suggesting a plausibly interaction-fueld AGN, the companion has no known X-ray detection to corroborate this suggestion. Finally, we acknowledge the possibility that the extracted arm-lke features of GDS 16440 may be extensions of the inner spiral structure, yet, their diffuse appearance and physical extent out to R > 25 kpc is much more consistent with
Plausible Tidal Feature Extraction Comparison for Same Objects at Different Depths

CANDELS/Deep CANDELS/Wide
Plausible Tidal Feature Extraction on distinct objects Figure 7 . Example residual structure extraction and quantification for select CANDELS galaxies hosting plausible tidal signatures. For each galaxy, we show the original image, single-Sérsic residual image, and the extracted residual features using the same format as in Figure 6 . For three example galaxies (bottom three rows), we compare the feature extraction process at CANDELS Deep (HST 10-orbit; left panels) and Wide (HST 2-orbit; right panels) depth configuration.
tidal interaction signatures. Admittedly, quantitatively distinguishing spiral versus interaction features is critical for robust identification of galaxy merging. While beyond the scope of this work, we believe that further quantification of extracted residual features will provide improved methods for distinguishing distinct physical processes.
Finally, we demonstrate our residual feature extraction technique on two additional galaxies with plausible signs of tidal activity. First, GDS 14786 shows a minor companion galaxy with a narrow ∼ 10 kpc tail-like feature, consistent with numerical predictions of features caused by minor mergers (Namboodiri & Kochhar 1985; Duc & Renaud 2013) . Second, GDN 19863 appears to have two tidal-tail residuals, each extending ∼ 10 kpc from the galaxy center. One is much fainter than the other. Multiple faint tidal tails are found briefly after coalescence in simulations of major mergers.
Role of Depth during Feature Extraction
To illustrate the role of imaging depth on the extraction and quantification of different plausible tidal features, we compare the results of residual substructures extracted from deep (CANDELS/Deep) and shallow (CANDELS/Wide) images for three examples in Figure 7 . We perform this comparison on the following examples from § 4.2: GDS 4608 (close-pair system where both galaxies show plausible tidal arms), GDS 14637 (close-pair system where on galaxy shows plausible interaction feature), and GDS 14876 (galaxy experiencing a plausible minor interaction).
We find that the morphologies of the extracted residuals at a shallow 2-orbit depth are qualitatively similar to their 10-orbit depth counterparts in all the three cases, albeit with noticeably noisy visual-appearance. We note that the features extracted from the shallow depth images tend to be confined to the brighter surface brightness (by 0.3−0.5 mag arcsec −2 ) regions of the same features extracted from the deep images. The shallow residuals are also lower in signal-to-noise when compared to features extracted at a deeper depth. This is expected as an increase in noise per pixel reduces the structural contiguity, owing to the reduction in number of pixels meeting flux-wise significance cut, thereby, resulting in a less significant yet brighter surface brightness. Although we re-calibrate the feature extraction employing a larger area threshold value for shallow depth images, we notice additional small faint sources in the nearby projected vicinity that are contaminating the extracted features. This is because such faint sources are not significantly detected during the source extraction and masking steps, but are extracted from the residuals by our method. This deep-shallow comparison highlights the role of observational depth in identifying faint, high-redshift plausible tidal signatures.
EXTRACTING TIDAL FEATURES IN A MAJOR MERGER FROM COSMOLOGICAL SIMULATION
In this section, we demonstrate the application of our residual substructure extraction method on synthetic HST images of a major merger from the VELA simulation . We extract the residual features and quantify their areas during 10 time steps of the merging process spanning 1.7 z ≤ 1.1 (∆t ∼ 1.4 Gyr), each at 19 viewing orientation angles, and two observational depth configurations matching empirical CANDELS observations (Wide and Deep). We note that the first pericentric passage and the coalescence stages occur at z = 1.63 and z = 1.44, respectively. To visually comprehend the quantitative trends, we also discuss the qualitative appearance of example extracted features at one fixed viewing orientation.
Quantitative Analysis of Extracted Features
In Figure 8 , we show the median extracted feature areas as a function of time before and after the coalescence stage (t = 0 Gyr) for CANDELS Wide and Deep depths at all 19 viewing angles. We also quantify the detection probability as the percentage of viewing sightliness during which we detect features with their areas larger than the A thresh and µ feat brighter than the limiting surface brightness (Wide -25.25 mag arcsec −2 ; Deep -26.25 mag arcsec −2 ). We find the deep and shallow extracted residuals follow qualitatively similar trends in terms of their changing prominence (i.e., feature area) during different pre-and post-merger stages. Owing to coarse time resolution (∼ 150 Myr) between each time step, we are only able to discuss broad trends and differences between the deep and shallow results.
At deeper image depth, we detect residual substructure at nearly all viewing angles and time steps. Prior to first pericentric passage (t = −0.46 Gyr), the feature area is minimal (A = 3 ± 1 A thresh ). At first pericentric passage, we find a plausible increase in the feature prominence, albeit with a large spread between different viewing orientations. This increase clearly peaks at the next time step 150 Myr later, hinting at the formation of tidal interactiontriggered features. If true, these features abruptly diminish in significance (by a factor of two) at t = −0.15 Gyr, after which extracted feature areas steadily increase through the coalescence stage until they peak at 300 Myr later with a value 3-7 times greater than the initial minimum. This temporal behavior strongly implies the presences of tidal merger signatures. During the three time steps that follow (0.47 ≤ t ≤ 0.79), we note that the feature prominence follows a stochastic rising and falling trend with a range of area values between those of coalescence and the last maximum, or even slightly more at some viewing angles. As we discuss later, these stochastic fluctuations during different time steps correspond to noticeable changes in the visual appearance of the extracted residual features.
In the case of shallow depth images, we typically find a similar temporal time evolution trend, albeit with some key distinctions. First, we note that the trends at shallow depths are shifted to systematically smaller areas when compared to the same features observed in deeper images. This is because of the decreased signal-to-noise per pixel causing less number of contiguous pixels to satisfy our feature extraction criteria. Next, contrary to what we observe in deeper images, we find no increase in the prominence of the extracted feature at the t = −0.31 Gyr time step following first pericentric passage. This is consistent with the idea that tidal interaction features are faint and their detection is highly sensitive to image depth. Indeed, we find the detection probability of any residual substructure in the shallow images is less than 50% until after first passage, and only reaches unity at the coalescence stage when the first noticeable increase in feature area occurs. During t > 0 Gyr, we note that post-merger time steps with detection probability < 100% correspond to smaller feature areas. Likewise, maximum feature areas correspond to high detection probability. These subtle trends highlight the role played by viewing lines-of-sight during the detection of certain merger features, especially in shallow depth images. Nevertheless, during the time steps with high detection probabilities (irrespective of the depth), we note that the viewing angles can induce a scatter of 20 − 40% in the measured feature prominences.
Qualitative Interpretation of Extracted Features
To illustrate the temporal quantitative trends shown in Figure 8 , we discuss the qualitative appearances of the features extracted from one example viewing orientation. We show the extracted features at shallow and deep depths alongside their idealized images during 10 time steps in Figure 9 . We discuss the extracted features from different image depths with respect to the distinct structures evident in their idealized (no noise added) images, and we compare the morphologies of the features extracted from the VELA mock data to those from CANDELS images of plausible merging systems shown in Figure 7 . During the first two time steps (t ≤ −0.46 Gyr), we extract small residual structures in both deep and shallow images that correspond to faint sources in proximity to the merging galaxies within their idealized images. At t = −0.31 Gyr (∼ 150 Myr after the first pericentric passage), we extract features at deeper depths that correspond to the interaction debris surrounding the merging galaxies in the idealized images. However, we do not detect these Figure 8 . Area of the extracted residual features with A ≥ A thresh and µ feat brighter than a depth-dependent limiting surface brightness, as a function of time since the coalescence phase from the synthetic mock observations of a galaxy merger simulation. We normalize the feature area with A thresh value employed for each CANDELS depth -Wide (filled points) and Deep (open points). At a fixed time step and depth, we show the median feature normalized area with a star; its corresponding standard deviation across different viewing orientations is shown with a error-bar. In blue, we give the detection probability which is defined as the percentage of camera angles during which the extracted residual features satisfy our area and surface brightness criteria at shallow depth (dashed line) and deep depth (solid line). We emphasize the first pericentric passage and coalescence stages with red and cyan shading, respectively. features in shallow depth images, which aligns with the noticeable difference in feature prominence at t = −0.31 Gyr in Figure 8 . Just prior to coalescence (t = −0.15 Gyr), we extract a small feature midway between the two merging galaxies at both depths, which corresponds to a plausible bridgelike structure in the idealized image. We find similar excesslight features in the extracted residuals for UDS 24437 and GDS 4608 in Figure 7 . Yet, interestingly, the VELA merger does not exhibit tidal arms during its close-pair stage, which is in contrast to all three example plausible interacting systems (GDS 4608, UDS 24437, and GDN 14758).
Starting at coalescence (t = 0 Gyr), we extract features at both depths that highlight the birth of a post-merger tidal-arm that grows in area over the next ∼ 300 Myr. This feature is similar in appearance to the single arm-like structure we extract from one of the two example CANDELS pairs in which only one galaxy has a plausible interaction signature (GDS 14637; Fig. 7 ). As such, GDS 14637 is also consistent with a post-merger in close proximity to another galaxy. At t = 0.47 Gyr, we extract two narrow tail features with clumpy visual appearance in the deep image, which resemble the plausible post-merger signature we extract for GDN 19863. This picture is consistent with the theoretical expectations that major gas-rich mergers produce diffuse tidal features with clumpy knots (Fensch et al. 2017) . We note that we only marginally detect a fraction of this tidal feature in the shallow depth image, which aligns with the abrupt decrease in feature prominence noted in Figure 8 .
Finally, during the last two time steps in both shallow and deep images we extract a large and extended plausible tidal loop or two-tailed feature (at t = 0.63 Gyr) that becomes less prominent at t = 0.79 Gyr. The changes in these features during the last two time steps illustrate the stochastic fluctuations in the extracted feature areas we find for all viewing angles in Figure 8 . This exercise illustrates the interplay between interaction/merger feature extraction and observational depth.
DISCUSSION
So far, we have presented the development of a residual substructure extraction tool and discussed its application to example galaxies from the CANDELS survey and mock CANDELized observations of a galaxy merger simulation. In this section, we discuss several additional possible applications of our residual extraction method.
Possible Applications
We present some possible applications of our residual feature extraction method towards improving popular structuralfitting routines, studying multi-wavelength properties of different single-component Sérsic residual features (e.g., disk structures from host bulge+disk systems) and substructures (e.g., spiral arms, plausible interaction signatures), and extracting strong gravitational arcs.
Improving structural fitting
An important step in many galaxy structural-fitting studies (e.g., Bruce et al. 2012; van der Wel et al. 2014 ) is to choose the number of required parametric components during GALFIT modeling (or other similar tools), starting with a simple single-Sérsic model and advancing to more complex models (e.g., bulge+disk) including even the inclusion of Fourier modes (e.g., to model spiral features). For upcoming large-scale surveys, developing machinery to make such decisions is key for automated structural modeling for very large samples. One way to approach this is to use machine learning to inform the number of parametric components required to best represent a galaxy morphology (e.g., Tuccillo et al. 2018) . Alternatively, we propose that our method can be used to inform additional residual components and repeat GALFIT with updated number of components.
Multi-wavelength application
Empirical studies often perform multi-wavelength decomposition of galaxy structure into their bulge and disk components to separately inform their physical parameters (e.g., stellar mass, color; Bruce et al. 2014; Dimauro et al. 2018) , which can provide key insights into the physics of galaxy evolution. We propose that extending our feature extraction method to multiple wavelengths can inform the physical properties for disk, central bulge, spiral arms, and interaction signatures. Furthermore, recent studies are developing resolution-element-based spectral energy distribution fitting in conjunction with spectroscopic measurements to produce maps of physical parameters (stellar-mass, star formation rates; Wuyts et al. 2013, de la Vega et al. in prep, Jafariyazani et al. in prep) . Using our method in conjunction with these semi-resolved maps can enable future investigations to study structurally-resolved properties (e.g., colors, star-formation, chemical composition, kinematics) of different galactic substructures (especially for tidal features; e.g., see Kado-Fong et al. 2018) .
Extracting Gravitational Arcs
Yet another possible application of our method is the extraction of strong gravitational lensing arcs. Strong gravitational lensing provides an unique opportunity to observe the otherwise inaccessible high-redshift universe. Several previous studies have used strong lensing to study cosmology, the physical properties of lensing systems, and the properties of distant background lensed sources (e.g., Refsdal 1964; Kochanek 1995; Treu & Koopmans 2004) . Identifying and extracting the gravitational lensing signatures is a key step in such works, which often use GALFIT to subtract the host galaxy light to unearth such lensing features (e.g., Brammer et al. 2012; van der Wel et al. 2013) .
In Figure 10 , we show the result of our feature extraction method on an example CANDELS strong-lensing candidate (UDS 10713), which is identified using a machine learning based classification scheme by Hocking et al. (2018) . We use the galaxy's single-Sérsic residual image by vdW12 and extract significant contiguous substructure above a 3σ bkg threshold (instead of our fiducial 2σ bkg ). We find arc-like features with surface brightness µ feat = 24.3 ± 0.2 mag arcsec −2 in close vicinity to the galaxy, which qualitatively aligns with the blue-arc in its corresponding false-color RGB image (at roughly 10 o'clock). However, we note that the single-Sérsic residual of UDS 10713 shows excess galactic light and additional sources in its projected proximity, which are contributing to the surface brightness of our extracted features. Isolating such contaminants is beyond the scope of this current work and we recommend that future studies should employ more complex Sérsic models for better galactic light subtraction and use multi-wavelength information of the features for better automated lensing feature detection and extraction. Furthermore, future works can extend our residual extraction method to galaxy cluster environments where strong lensing can be more prevalent (usually with high magnifications) as a means to derive cluster mass measurements.
Future Prospects with the James Webb Space Telescope
In preparation to probe high-redshift galaxy merging using the James Webb Space Telescope (JWST), we analyze synthetic JWST observations of a different merger in the VELA cosmological simulation suite (VELA 21), which experiences a major merger (post-merger stellar mass log 10 (M stellar /M ) = 10.5; stellar-mass ratio ∼ 3 : 1) at z ∼ 3.2 (coalescence). In Figure 11 , we compare and contrast the feature extraction process on its mock JWST and HST observations. Motivated by our simulated observations of a major merger in § 5, we focus this exercise on one specific merger stage z = 3 (∼ 120 Myr after coalescence), where we expect the galaxy to exhibit tidal features. We generate idealized mock HST WFC3/F160W and JWST NIRCam/F277W images using the process described in § 2.2. We add Gaussian noise to them such that they match the CANDELS/Deep depth and the proposed Cosmic Evolution Early Release Science Survey (CEERS; PI: S. Finkelstein, JWST PID: 1345) depth 8 , respectively. Finally, we generate the single-Sérsic residuals by applying GALFIT to the HST and JWST noiseadded images following vdW12, and apply our feature extraction technique on these residuals ( § 3).
While we detect no significant residual features at CAN-DELS/Deep HST depth, we extract extended tidal-fan features in the NIRCam/F277W JWST CEERS depth image, which mimic the structures exhibited by our example CANDELS close-pair system (GDS 4608; see Figure 7 ). Our demonstration asserts the capabilities of JWST to probe faint tidal features out to high-redshifts with considerably less exposure time and at a longer rest-frame wavelengths than the current extremes accessible to HST. This will enable future studies to probe high-redshift merging systems that are key towards understanding the role of galaxy merging in galaxy evolution.
CONCLUSIONS
As a first step towards quantitatively identifying 'hallmark' signatures of galaxy merging (e.g., tidal arms, tails, bridges, and extended fans), in this paper, we introduce a new analysis tool to extract and quantify residual substructures hosted by galaxies. Our method analyzes residual images produced by any standard light-profile fitting tools and extracts contiguous features that are significant above the sky background and a noise-only expectation of pixel-contiguity. When applied to both empirical and simulated data, this tool will facilitate future efforts to calibrate the observables associated with galaxy merging signatures and provide improved merger rate constraints.
We apply our residual feature extraction method to single-Sérsic residual images of 16 select galaxies from the CANDELS survey (van der Wel et al. 2012, see Table 1 ) and extract different structures hosted by these galaxiesdisk structures (4 galaxies), spiral substructures (4 galaxies), and plausible interaction/merger-triggered tidal features (8 galaxies). The main conclusions of our empirical exercise are:
• We extract residual disk features and two-armed spiral substructures for all example galaxies visually identified as hosting disk and spiral features, respectively.
• We extract plausible structurally-similar, dual tidal interaction signatures hosted by three example close-pair systems, two close-pair systems where only one galaxy exhibits plausible interaction signatures, one system experiencing a plausible minor merger event, and one galaxy hosting plausible post-merger signature.
• To illustrate the role of imaging depth during feature extraction, we compare the residual substructures extracted ; see text for details) with mock CANDELS/Deep HST imaging (top row), and mock JWST-ERS CEERS imaging (bottom row). In each row, we present the synthetic noise-added images matching their respective empirical depths (left), the corresponding single-Sérsic GALFIT residual images (middle), and the extracted feature (if detected) shown with red shading (right). This figure demonstrates that JWST will enable us to probe tidal features out to high redshifts in a considerably smaller amount of exposure time and at longer rest-frame wavelengths when compared to HST.
from deep (HST 10-orbit) and shallow (HST 2-orbit) images of three example galaxies hosting plausible tidal features. We find that the features extracted at shallow depths are qualitatively similar but noisier in appearance compared to their deeper counterparts owing to the limited sensitivity of shallow CANDELS data to only the higher-surface brightness substructure of the features.
We also apply our tool to synthetic HST observations of a galaxy merger from the VELA hydro-dynamic simulations . We extract the residual features and quantify their areas during 10 time steps of the merging process spanning 1.7 z ≤ 1.1 (∆t ∼ 1.4 Gyr), each at 19 viewing orientation angles, and two observational depth configurations matching empirical CANDELS observations (Wide and Deep). We also illustrate the qualitative appearance of these residual features at one fixed orientation. The main conclusions of our theoretical exercise are:
• We find that the features typically rise in prominence (feature area) ∼ 150 Myr after the first pericentric passage (z = 1.63; time since coalescence t = −0.46 Gyr), which visually correspond to close-pair interaction signatures. These features abruptly diminish by a factor of two in significance during t = −0.15 Gyr before coalescence.
• Starting with the coalescence stage (z = 1.44; t = 0 Gyr), we extract post-merger features that grow in prominence until peaking at 3 − 7 times the initial minimum value after 300 Myr. These stages visually represent the birth and growing prevalence of tidal arm features. At later time steps 0.47 ≤ t ≤ 0.79 Gyr, the feature prevalence follows a stochastic rising and falling trend, where the extracted tidal features appear structurally fragmented and clumpy appearance.
• Imaging depth and viewing orientation play a key role in detecting certain merger features. At deep image depths, we extract all the features at nearly all viewing angles (∼ 100% detection probability). However, the same features in shallow depth images are detected at ∼ 50 − 75% of the viewing sightliness during −0.46 ≤ t ≤ −0.15 Gyr prior to coalescence. They only reach 100% detection probability at t > 0 Gyr, when the first noticeable increase in feature prominences occur. Additionally, the temporal trends in shallow depth images are shifted to systematically smaller areas than their deeper depth counterparts. At a fixed depth, the measured feature prominences between different viewing orientations can vary by 20 − 40%.
While the application of feature extraction method provides important insights about the onset and evolution of tidal features hosted by an example galaxy major merger from the VELA hydro-simulations, we caution the extrapolation of our quantitative (e.g., observability timescales) and qualitative (e.g., tidal feature shapes) interpretations to a general sample of mergers. This is because the strength and appearance of tidal debris may depend on the intrinsic properties of merging galaxies such as: stellar mass-ratio, redshift (driven by the evolution gas-fractions), merger or-bital configurations (e.g., prograde vs. retrograde approach). Moreover, it is also important to note that the tidal feature observability carried out in a cosmological context may differ from a similar exercise on idealized binary-merger simulations.
Lastly, we discuss two additional possible future applications of our general purpose tool. First, we illustrate the extraction of strong gravitational arcs in a candidate strong lensing system identified by Hocking et al. (2018) . Second, we demonstrate the future prospect of using our method to probe high-redshift tidal features by applying it to synthetic JWST observations of a z ∼ 3 simulated major merger. We find that JWST can probe faint, high-redshift tidal features with a smaller exposure time investment and longer restframe wavelengths (2.7 µm) than HST/WFC3 H-band 10-orbit (i.e., CANDELS/Deep) observations. 
